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(SURFACE,	 CONVEVOL,	 and	WHEATSHEAF	 index)	 to	 test	 for	 and	 estimate	 the	
strength	of	convergence.	We	found	strong	evidence	for	convergence	among	Pacific	
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are	 its	 identification	 (whether	convergence	 is	present)	and	quanti‐



















of	 the	 Liolaemus montanus	 group	 (Figure	 1).	 Some	 species	 in	 this	
group	have	toad‐like	(“phrynosauroid”)	head	shapes	and	pronounced	
serrated	combs	formed	by	the	projecting	outer	ciliary	scales,	which	
are	 lacking	 in	other	closely	 related	members	of	 this	 species	group	









The	 taxonomic	 history	 of	 these	 desert	 species	 is	 a	 good	 ex‐
ample	 of	 how	 putative	 convergence	 has	 confused	 taxonomists.	
“Phrynosauroid”	 lizards	 from	 the	L. montanus	 group	 (Liolaemus au‐
dituvelatus [Núñez	 &	 Yáñez,	 1983],	 Liolaemus erroneous [Núñez	 &	
Yáñez,	 1983],	 Liolaemus poconchilensis Valladares,	 2004,	 Liolaemus 
F I G U R E  1  Distribution	map	of	Liolaemus	species	of	the	Liolaemus montanus	group.	Focal	species	(Liolaemus audituvelatus,	Liolaemus 
insolitus,	Liolaemus poconchilensis,	Liolaemus stolzmanni, Liolaemus	“Moquegua”	and	Ctenoblepharys adpersa)	are	represented	by	red	symbols,	
and	non‐focal	species	by	black	dots
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C. adspersa	 and	 the	 putatively	 convergent	Liolaemus,	 the	 repeated	
evolution	 of	 their	 distinct	 head	morphology	may	 reflect	 a	 loss	 of	
morphological	 traits	 related	 to	 the	acquisition	and	processing	of	a	
more	generalist	diet.
In	 contrast,	 strongly	 enlarged	 ciliaries	 may	 protect	 the	 eyes	
from	sand	(Etheridge,	2000)	while	burrowing,	or	inside	a	burrow.	
Burrowing	in	loose	sand	is	known	in	this	convergent	group	in	C. ad‐
spersa	 (CA,	 personal	 observation),	 and	 phrynosauroid	 Liolaemus 














2  | MATERIAL AND METHODS
2.1 | Phylogenetic analyses
Details	 of	 field	 sampling,	 laboratory	procedures,	 specimen	 assign‐






models	 of	molecular	 evolution.	Maximum	 likelihood	 (ML)	 analyses	
were	 performed	 using	 RAXML	 v.8	 (Stamatakis,	 2014)	 partitioned	
by	 gene,	 and	 1,000	 standard	 bootstrap	 replications	 were	 esti‐
mated	 using	 the	 rapid	 hill‐climbing	 algorithm	 (Stamatakis,	Hoover,	
&	Rougemont,	 2008)	 in	 the	Cyber	 Infrastructure	 for	Phylogenetic	
Research	(CIPRES;	Miller,	Pfeiffer,	&	Schwartz,	2010).	The	ML	tree	is	
shown	in	Supporting	Information	Figure	S1.
To	 estimate	 divergence	 times,	 a	 concatenated	 Bayesian	 tree	
(BT)	 was	 generated	 and	 calibrated	 as	 in	 Aguilar,	 Wood,	 Belk,	
Duff,	 and	 Sites	 (2017).	 This	 analysis	 was	 implemented	 in	 BEAST	
v2.4.6	 (Bouckaert	 et	 al.,	 2014)	 using	 the	 bModelTest	 (Bouckaert	
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&	 Drummond,	 2017)	 to	 simultaneously	 generate	 and	 explore	 the	
model	 substitutions	 across	 space	 to	 estimate	 model	 parameters,	
and	to	generate	a	fossil‐calibrated	phylogeny.	We	implemented	10	








ibility	 tree	 (MCC)	 was	 then	 constructed	 using	 TREEANNOTATOR	
v1.8	(Drummond	et	al.,	2012),	and	keeping	mean	and	95%	confident	
intervals	for	node	ages.
2.2 | Morphological data and analyses
Shape	 analyses	 were	 performed	 using	 principal	 component	 (PC)	
analysis	 after	 a	 Generalized	 Procrustes	 approach.	 Procustes	
and	 PCA	 analyses	 were	 performed	 using	 MORPHOJ	 v1.03d	
(Klingenberg,	 2011),	 and	 PC	 scores	 were	 extracted	 using	 the	
GEOMORPH	 package	 (Adams	 &	 Otarola‐Castillo,	 2013)	 in	 R	 (R	








our	 purposes.	 Geometric	 morphometric	 data	 are	 necessarily	 re‐
flecting	one	or	more	multivariate	traits	(Collyer,	Sekora,	&	Adams,	
2015);	 these	 are	 usually	 reduced	 using	 PC	 analysis,	 and	 the	 first	




was	 combined	with	head	 shape	data.	Ten	 landmarks	on	 the	dorsal	
head	 view	 (Aguilar	 et	 al.,	 2017;	 Supporting	 Information	 Appendix	











We	 tested	 for	 deviation	 of	 head	 symmetry	 using	 Procrustes	
ANOVA	in	MORPHOJ	v1.03d	(see	Supporting	Information	Appendix	
S3	for	details).	For	each	species,	only	adults	of	each	sex	(as	assessed	
by	 larger	 snout	 vent	 length)	were	 used	 to	 avoid	 ontogenetic	 allo‐
metric	bias.	When	sample	sizes	within	species	allowed	comparisons	
between	sexes,	we	 tested	 for	 sexual	dimorphism	 for	each	 species	
using	 the	PCA	scores	of	 the	 first	 two	PCs.	Because	males	and	 fe‐
males	did	not	cluster	separately	in	each	species	tested,	data	of	both	
sexes	were	pooled	together	for	further	analyses.	We	also	performed	
a	 discriminant	 function	 analysis	 using	 Procrustes	 coordinates	 to	
test	 for	 shape	 differences	 between	 sexes	 and	 all	 species,	 but	we	
did	 not	 find	 strong	 significant	 differences	 between	males	 and	 fe‐
males	(Supporting	Information	Appendix	S3).	Because	specimens	of	
Liolaemus lentus	 and	Phymaturus sitesi	were	not	available,	we	used	












Three	 convergence	 analyses	 were	 performed	 using	 PC1‐
PC3	 axes.	 The	 first	 analysis	was	 performed	 using	 the	 R	 package	
SURFACE	 (Ingram	 &	 Mahler,	 2013);	 this	 algorithm	 employs	 an	
Ornstein‐Uhlenbeck	(OU)	process	to	identify	cases	of	convergence	
without	 the	 a	 priori	 designation	 of	 convergent	 taxa.	 The	method	
has	a	forward	phase	in	which	selective	regimes	are	 inferred	using	
a	phylogenetic	tree	and	quantitative	traits,	and	a	reverse	phase	in	










with	 a	 model	 with	multiple	 non‐convergent	 regimes	 (OUnc),	 and	
simpler	stochastic	models	such	a	single	regime	(OU1)	and	Brownian	
motion	(BM)	models.
Focal	taxa	(C. adspersa,	L. audituvelatus,	L. insolitus,	L. stolzmanni,	
L. poconchilensis and	Liolaemus “Moquegua”),	and	two	subsets	 (one	
excluding	 L. “Moquegua,”	 and	 another	 excluding	 L. insolitus and	
L. “Moquegua”)	 were	 used	 to	 estimate	 convergent	 metrics	 with	
CONVEVOL	 (Stayton,	 2015a).	 This	 method	 estimates	 four	 dis‐
tances	 (C1,	C2,	C3,	C4)	and	one	 frequency‐based	 (C5)	measure	of	
convergence.	C1	 is	based	on	 the	 idea	 that	 the	more	dissimilar	 the	
ancestors,	and	the	more	similar	the	descendants,	the	stronger	is	the	
     |  11403AguilAr‐PuntriAno et Al.





gence	 is	 absent.	C2	 is	 another	measure	 representing	 the	 absolute	




evolutionary	 change	 along	 the	 lineages	 leading	 from	 the	 common	
ancestor	of	the	convergent	taxa	to	those	taxa.	C4	is	the	proportion	




ber	 of	 focal	 taxa	 that	 reside	 within	 a	 limited	 but	 convergent	




C4	 were	 evaluated	 using	 500	 evolutionary	 simulations	 via	 a	 BM	
model.	Specifically,	we	tested	whether	the	simulated	measures	are	
significantly	different	 from	 the	observed	values.	 In	 the	 same	way,	
F I G U R E  3  Divergence	time	tree	including	species	of	the	Liolaemus montanus	group	and	Ctenoblepharys adspersa.	Putative	convergent	
taxa	are	in	red.	Red	and	black	dots	on	nodes	indicate	<0.95	and	≥0.95	posterior	probabilities	respectively.	Grey	bars	are	95%	confidence	
intervals	for	node	ages
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the	statistical	significance	of	convergence	as	measured	by	C5	was	
tested	using	500	 simulations.	Results	 of	 all	 tests	were	 considered	
significant	at	a	p‐value	≤0.05.
We	 implemented	 a	 WHEATSHEAF	 analysis	 to	 measure	 the	
strength	 of	 convergent	 evolution	 in	 focal	 taxa	 and	 subsets	 (see	
above),	 as	 implemented	 in	 the	 R	 package	 WINDEX	 (Arbuckle	 &	
Minter,	 2015;	 Arbuckle,	 Bennett,	 &	 Speed,	 2014).	 This	 index	 cal‐
culates	 the	 similarity	 of	 focal	 (convergent)	 species	 to	 each	 other	
and	 the	 separation	 in	 phenotypic	 space	 of	 the	 focal	 group	 from	
non‐convergent	species,	all	corrected	for	phylogenetic	relatedness.	
Convergence	 is	 stronger	 when	 focal	 species	 are	 more	 phenotyp‐
ically	 similar	 to	 each	 other	 but	 phylogenetically	more	 distant,	 rel‐
ative	 to	 the	non‐focal	 species.	Convergent	 focal	 taxa	 in	SURFACE	
and	CONVEVOL	were	used	 to	 estimate	 the	WHEATSHEAF	 Index	
and	95%	confidence	intervals.	The	null	hypothesis	that	the	observed	
WHEATSHEAF	 index	 is	 no	 higher	 than	 expected	 by	 chance	 is	 re‐
jected	when	p	≤	0.05	(indicating	exceptionally	strong	convergence).	
Expected	WHEATSHEAF	 indexes	were	 derived	 from	 1,000	 boot‐
strap	replications.
3  | RESULTS






Information	 Figure	 S2.	 The	 BT	 tree	 shows	 a	 well‐supported	 (PP	
≥0.95)	L. montanus	group	and	resolves	the	“Phrynosauroids”	L. poco‐
nchilensis,	L. stolzmanni	and	L. audituvelatus	in	three	separate	clades	
(Figure	3).	The	DT	tree	resolves	([Liolaemus + P. sitesi]	+	C. adspersa)	
with	low	support	(PP	≤	0.95),	but	in	the	ML	tree	these	relationships	
are	well‐supported.
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The	 clade	 (L. insolitus [L. “Moquegua”	+	L. poconchilensis])	 has	 a	
mean	age	of	5	million	years.	The	clade	(L. stolzmanni [Liolaemus pa‐
checoi + Liolaemus aymararum]	 [Liolaemus jamesi + Liolaemus hajeki])	
has	 a	mean	age	of	4.8	mya.	The	 clade	 (L. audituvelatus + Liolaemus 
foxi)	 has	 a	mean	 age	 of	 2.5	mya.	 These	 three	 clades	 diverged	 be‐
tween	the	end	of	the	Miocene	and	the	Pliocene.
3.2 | Convergence analyses
Reconstructed	 transformation	 grids	 of	 head	 shapes	 based	 on	 prin‐





Differences	 between	 L. stolzmanni	 and	 its	MRCA	 (Figure	 4b,e)	
are	 the	 medial	 displacements	 of	 landmarks	 2–3,	 lateral	 displace‐
ments	of	 landmarks	4–7,	reduced	displacement	of	 landmark	8,	and	
medial	displacements	of	landmarks	9–10.
Differences	 between	 L. insolitus (similar	 to	 its	 MRCA)	 and	
L. “Moquegua”	+	L. poconchilensis	(Figure	4c,f,h)	are	the	lateral	displace‐
ments	of	landmarks	5	and	7,	and	reduced	displacement	of	landmark	8.
Ctenoblepharys adspersa	 (Figure	 4g)	 shows	 similar	 lateral	 dis‐




k	(number	of	regime	shifts) 13 13 1 0
K′	(number	of	distinct	regimes) 6 13 1 0




13 0 0 0
k′_conv 6 0 0 0
k′_nonconv 0 13 1 0
AICc −756.23 −717.42 −677.58 −649.38






F I G U R E  5  Results	of	SURFACE	analysis.	(a)	Phylogeny	showing	placement	of	focal	convergent	taxa	(colored	in	red).	(b)	Plot	of	trait	values	
based	on	principal	components	(PC)	1	and	PC2,	and	PC1	and	PC3:	small	circles	identify	species	and	large	circles	are	estimated	adaptive	
optima;	red	circles	identify	species	and	estimated	optima	for	the	focal	convergent	regime






velatus,	L. poconchilensis,	L. stolzmanni,	L. insolitus	and	L. “Moquegua”	







tuvelatus,	L. insolitus,	L. poconchilensis,	L. stolzmanni	and	L. “Moquegua”	
than	 the	 other	 subsets	 (Table	 2).	 The	 C5	metric	 shows	 that	C. ad‐



















































































































































































































































































































































































































































































































































































































































































































F I G U R E  6  CONVEVOL	phylomorphospace	of	57	species	in	
principal	components	(PC)	1	and	PC2.	The	black	lines	connect	
only	non‐focal	species	and	red	arrows	connect	nodes	to	six	focal	
convergent	species.	Ctenoblepharys adspersa (Ca),	Liolaemus 
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convergence	 implies	that	natural	selection	has	produced	the	same	
phenotype	in	similar	environments	in	unrelated	taxa	(Losos,	2011).
Constraints	 (developmental	 and	 phylogenetic)	 imposed	 by	 an‐








contingency	when	comparing	 species	of	 the	 same	genus	or	popu‐
lations	within	a	species,	but	not	so	in	highly	divergent	taxa	(Ord	&	












taken	 to	 characterize	 a	 selective	 regime	 (Ingram	&	Mahler,	 2013;	
Mahler	 et	 al.,	 2017).	 In	 contrast,	 the	C1–C5	metrics	 test	whether	







velatus,	L. insolitus,	L. poconchilensis, L. stolzmanni	and	L. “Moquegua”	







Convergent	Liolaemus	 and	C. adspersa	 show	a	 lateral	widening,	













WHEATSHEAF	 index	 was	 higher	 for	 the	 subset	 C. adspersa,	
L. audituvelatus,	L. poconchilensis	and	L. stolzmanni	than	for	the	com‐
plete	set	of	convergent	taxa.	However,	results	were	not	significant	
in	 all	 cases	 (Table	 2),	 suggesting	 that	 the	 phenotypic	 similarities	
among	 these	 species	 do	 not	 qualify	 as	 especially	 strong	 conver‐





erts	 (~25	My)	 is	consistent	with	 the	ages	of	 focal	Liolaemus	 clades	
in	our	 time‐calibrated	 tree	 (Figure	3;	Rundel	et	al.,	2007).	 In	addi‐
tion,	our	BT	resolves	the	origin	of	this	head	shape	first	in	C. adspersa 









Our	 results	 do	 suggest,	 however,	 that	 despite	 its	 deep	 diver‐
gence	and	thus	potential	exposure	to	different	contingent	factors,	
natural	 selection	 has	 been	 stronger	 than	 historical	 contingency	 in	
producing	the	same	convergent	traits	in	the	phylogenetically	distant	
C. adspersa and	younger	species	of	the	L. montanus	group	(for	traits	
examined	in	this	study).	However,	historical	contingencies	probably	
were	also	 important	when	considering	 these	 traits	at	higher	 taxo‐
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